Lunularic acid (LA) inhibited not only the germination and the growth of cress and lettuce at 1 mM but also the gibberellic acid (GA 3 )-induced a-amylase induction in embryoless barley seeds at 120 mM, which was recognized as a speciˆc activity of abscisic acid (ABA). Moreover LA and ABA equally inhibited the growth of Lunularia cruciata A18 strain callus at 40 and 120 mM. A computational analysis revealed that the stable conformers of LA could be superimposed on the stable ABA conformers. In addition, the antibody raised against the conjugate of C 1 -ABA-bovine serum albumin (ABA-BSA) reacted with LA-horse-radish peroxidase (LA-HRP) conjugate as well as ABA-HRP conjugate, apparently. These results can explain why LA has ABAlike activity in higher plants. Moreover the results suggest that LA and ABA bind to the same receptor in higher plants.
The structure and the distribution of LA and ABA in plant kingdom are shown in Fig. 1 . ABA (I) was initially isolated from young cotton fruits as an abscission factor and from sycamore leaves as a dormancy factor. [1] [2] [3] [4] It has been identiˆed in all angiosperms and gymnosperms that have been investigated, and it is known to have multiple roles (i.e., growth inhibition, seed and bud dormancy control, drought resistance, abscission etc.) in the life cycle of higher plants. 4, 5) At present ABA is known to be distributed universally in vascular plants and is thought to be an anti-stress hormone of the higher plants. 4, [6] [7] [8] Recently ABA was reported to be distributed in such lower plants as green algae, cyanobacteria, and liverworts, and to inhibit the growth of liverworts and green algae. [9] [10] [11] [12] [13] LA (II)ˆrst isolated from the Israel strain of the liverwort Lunularia cruciata as a growth-inhibiting and dormancy-inducing factor, has been detected in a number of hepaticas and algae but not in mosses or vascular plants, with few exceptions. [14] [15] [16] Pryce and Kent also reported that LA was an endogenous growth regulator in the lower plants and therein it replaced the function of ABA in higher plants from their distribution in the plant kingdom and from the similarity in functions to those of ABA. 15) They also reported that hydrangenol or hydrangeic acid was the probable intermediate in the biosynthesis of LA on the basis of the e‹cient bioconversion of 14 C-hydrangenol to LA in L. cruciata. The lack of the intermediate in liverworts was attributed to the small pool size of precursors in this report. However, neither hydrangenol nor hydrangeic acid has ever been detected in liverworts. 17) Moreover the high content of LA in liverworts, sometimes as high as 600 mg W g fresh weight, was in question since externally applied LA of this concentration inhibited the growth of liverworts completely. 18) The high content of LA in the liverworts made it di‹cult to think of LA as an endogenous growth regulator. However, Ohta et al. found that the true LA content was much lower than those previously reported and prelunularic acid (pre-LA), which accumulated in a large amount in the liverwort, was the possible precursor of LA. 19, 20) They also reported that the bioconversion from pre-LA to LA was strictly regulated to control the LA level. 21) Theseˆndings are quite important for Pryce's proposal that LA may be a biological equivalent of ABA in the liverworts.
It is interesting to deˆne the signiˆcance of these compounds in the plant kingdom, but there is no precise study about the relation of these compounds. We will discuss the relation of these compounds from chemical and biological viewpoints. Moreover, this study will be useful for the invention of new plant growth regulators taking ABA and LA as lead compounds. The numbering of the carbon and oxygen atoms of ABA and LA is simpliˆed to compare their corresponding atoms.
Materials and Methods
Apparatus. An immuno-reader (Inter Med NJ-2001) was used for the measurement of optical densities (405-nmˆlter). ELISA plates (96 well, ‰at bottom, 25801) were provided from Corning Glass Works (Corning, New York). 13 C and 1 H NMR spectra were recorded on a JEOL EX90 (90 MHz) instrument using tetramethylsilane as an internal standard.
Chemicals and plant materials. Natural ABA was supplied from Kyowa Hakko Co. Ltd. Bovine serum albumin and other chemicals were standard commercial products of analytical grade and they were purchased from Wako Pure Chemical Industries, Ltd. Cress seeds ( Lepidium sativum) and lettuce seeds ( Lactuca sativa. L. Great Lake 552) were obtained from Takii 
Bioassay.
EŠects of LA and ABA on germination and root growth of higher plants. Whole plant assays were done as described by Yoshikawa et al.
23) The seeds of Lepidium sativum and Lactuca sativa were used. The number of seedling was measured after 2 days, and the root length was measured after 4 days, an H2O control being included. LA was tested at 1 mM and 0.1 mM, and ABA at 0.1 mM and 0.01 mM. All experiments were duplicated.
a-Amylase induction test for the inhibition of GA3-induced a-amylase biosynthesis in barley seeds. An aamylase induction test was done by the same method as in Yoshikawa et al. 23) This assay was repeated at least twice, and all experiments were duplicated. The amount of reducing sugars was converted to a glucose amount.
EŠects of LA and ABA on the growth of Lunularia cruciata callus A18 strain. Murashige-Skoog medium (pH 6.0) containing 2z glucose was used as the nutritive medium. Agar at the concentration of 1.5z (w W w) was added to the medium, which was heated on a boiling water bath until the medium became a clear solution. The hot medium (15 ml) was pipetted into plant test tubes (q40×130 mm). An appropriate amount of LA or ABA acetone solution (100 ml) was added to the tubes and the tubes were autoclaved at 1209 C for 20 min. Almost the same amount of Lunularia cruciata callus A18 strain was inoculated on the medium and the callus was incubated at 259 C under long-day conditions (16-h light, 6000 lux) for 2 weeks.
Computational analysis with MM calculation. A computational analysis with molecular mechanics calculation was done for ABA and LA. A CAChe Work System (Ver. 4.1.2, Copyright 2000 Fujitsu Ltd., 1989-2000 Oxford Molecular Ltd.) was used on a Power Macintosh G4 W 450 running under SSW Ver. J1.9.0.2. The pseudo-axial and pseudo-equatorial conformers of ABA were drawn by using Editor and were optimized with Molecular Mechanics. The MM2 forceˆeld was used throughout this study. Three dihedral angles (Ob-C1-C2-C3, C2-C3-C4-C5, and C4-C5-C6-Og) were deˆned for the two ABA conformers and the optimized energy of the 15625 points were calculated to generate an energy map. The optimization for each point was pursued by the conjugate gradient technique until the energy change became less than 0.01 kcal W mol. The most stable conformers were extracted by using Visualizer. For LA, three dihedral angles were deˆned (Ha-Ob-C1 ?-C2 ?, Ob-C1 ?-C2 ?-C3 ?, and Hb-Og-C? 12-C? 13 ) and the optimized energy for every 15625 points was calculated to estimate the eŠect of a hydrogen bond. Three dehedral angles of the most stable conformer were locked. Then, other three dihedral angles (C2 ?-C3 ?-C4 ?-C5 ?, C3 ?-C4 ?-C5 ?-C6 ?, C 4 ?-C 5 ?-C 6 ?-C 7 ?) were deˆned and the optimized energy of every 15625 points was calculated to generate the energy surface. The stable conformers were extracted using Visualizer.
In the superimposition between the most stable ABA and the local minimum LA conformers, C 1 , C 6 , and C9 carbons of the ABA were superimposed on the corresponding C1 ?, C6 ?, and C9 ? carbons of the LA conformers, respectively.
Immunoassay. Preparation of ABA-BSA conjugate. ABA-BSA conjugate was prepared by the Weiler's method with a little modiˆcation. 24) A solution of ABA (30 mg; 113 mmol) and N-ethyl-N-(3-dimethylamminopropyl) carbodiimide hydrochloride (EDC: 40 mg) in aq. dimethylformamide (DMF) (1 ml; H2O:DMF＝1:2 v W v) was added to an ice-cold BSA solution (50 mg W 4 ml of H2O) over 1 h and the solution was stirred at 49 C under an N2 atmosphere in the dark. Thereafter, EDC (20 mg) was added to the mixture and the reaction allowed to proceed for 1 h. Subsequently, additional EDC (20 mg) was added to the reaction mixture. After 15 h of stirring under N2 atmosphere in the dark, the mixture was dialyzed for 4 days using distilled water. The desalted conjugate was lyophilized and the powder obtained was stored at "409 C.
Preparation of enzyme labeled LA and ABA. LA and ABA was bounded to HRP by acid anhydride method. 24, 25) A solution of lunularic acid (11.8 mg, 46 mmol) in aq. DMF (0.8 ml, DMF:H2O＝1:1, v W v) was added to a solution of EDC (30 mg, 130 mmol) in water (0.4 ml). After the pH of the reaction mixture was adjusted to 6.4, stirring was continued for 1.5 h under an N 2 atmosphere in the dark. Thereafter, this solution was gradually added to a horseradish peroxidase solution [horseradish peroxidase (2 mg) diluted in 0.6 ml of aq. DMF (DMF:H2O＝ 1:2, v W v)] over 40 min and the whole mixture was stirred at room temperature for 20 h. During the reaction, the mixture was kept under an N2 atmosphere in the dark. Subsequently, the mixture was dialyzed for 10 h using 10z DMF at 49 C in the dark. Then the mixture was dialyzed for 5 days using TBS solution under the same conditions as described. The obtained enzyme tracer was lyophilized to give a powder (37.2 mg). The peroxidase activity was not decreased by this treatment and the obtained powder was stored at "409 C. ABA-HRP was prepared by the same procedure.
Immunization and antiserum production. Immunization of mice was done according to Weiler et al. 26) and Poulev et al. 25) The ABA-BSA conjugate (75 mg W 150 ml, dissolved in 0.9z NaCl W water) was administered subcutaneously to mice (BALB W C) as a 1:1 emulsion in Freund's complete adjuvant. At the same time, the same emulsion (50 mg W 100 ml) was injected intradermally. After 4 weeks, the same antigen (50 mg W 100 ml saline) was injected hypodermically twice every second week. After the last administration, the mice were starved for 24 h and blood was collected. Blood cells were removed by centrifugation (10000 rpm W 10 min) and the collected antisera were stored at "409 C.
Performance of enzyme immunoassay. Enzyme immunoassay was done by Poulev's method with a slight modiˆcation. 25) (a) Microplates with 96 wells were used and triplicate measurements were done throughout. Three kinds of test solution (ABA-BSA 10 mg W ml TBS; LA-BSA 10 mg W ml TBS, TBS; BSA 10 mg W ml TBS) were prepared. TBS (100 ml, 182 mg of Tris[tris(hydroxymethyl)aminomethane]; 8.8 g of NaCl W l, pH 7.4) waŝ rst pipetted into the wells. Then 100 ml of the test solution was added to the wells in A row. Thereafter, 100 ml of the mixture was transferred to the next wells in B row. This procedure was done to G row, and 100 ml of the solutions were discarded from the wells in G row. The solutions were incubated at room temperature for 2 h. After incubation, the coated surfaces were then incubated at 49 C for 17 h with 0.1z dry milk in TBS to block any remaining protein adsorption sites. Subsequently, the surfaces were washed with TBST (100 ml, 182 mg of Tris[tris (hydroxymethyl)aminomethane]; 8.8 g of NaCl, 0.5 ml of Tween 20 W l, pH 7.4) three times and used immediately in the immunoassay. Antiserum (100 ml, 1:1500 diluted with TBS containing 1z BSA) was pipetted into the wells and BSA (100 ml, 1z TBS) for a control. Then the solutions were incubated for 2 h at room temperature and the surfaces were washed with TBST (100 ml) 5 times. Goat antimouse peroxidase conjugate (100 ml, 1:2000 diluted with TBS containing 1z BSA) was added to the wells and incubated for 1 h at room temperature. Thereafter the wells were washed with TBST (100 ml) for 5 times. Substrate solution [100 ml, 0.006z H2O2-0.2 M citrate buŠer pH 4.0: 2,2-Azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid diammonium salt, 0.6 mg W ml ＝1:1] was added to the wells and incubated at 379 C for 30 min. The enzyme was inactivated by 100 ml of oxalic acid solution and the absorbance of each well was measured at 405 nm.
(b) Microplates with 96 wells were used and triplicate measurements were done throughout. Antiserum (100 ml, 1:5000 diluted with TBS) was pipetted into the wells and incubated for 2 h at 159 C. After incubation, the antiserum was removed and the coated surface was then incubated at 49 C for 18 h with 0.1z dry milk in TBS to block any remaining protein adsorption sites. Subsequently, the surfaces were 843 Lunularic Acid and Abscisic Acid washed with TBST (100 ml) three times and immediately used in the immunoassay. Three kinds of TBS solution (ABA-HRP, 10 mg W ml; HRP, 10 mg W ml; and LA-HRP, 10 mg W ml) were used. To each of antibodycoated wells was addedˆrst 100 ml of TBS. Then 100 ml of test solutions was added to the wells in A row. Then 100 ml of the mixture was transferred to the next wells in B row. This procedure was continued to G row and 100 ml of solutions were discarded from the wells in G row. The wells in H row were used as controls. Then the solutions were incubated for 2 h at room temperature. Subsequently, the wells were washed with TBST (100 ml) 5 times. Substrate solution (100 ml) was added to the wells and incubated at 379 C for 30 min. The enzyme was inactivated with 100 ml of 1z oxalic acid solution and the absorbance of each well was measured at 405 nm.
Results and Discussion
LA was previously reported to have plant growth regulating activities in higher plants. 27) Then, LA was used in ABA bioassay systems to study its physiological activity on higher plants. Table 1 shows that LA inhibits the germination and growth of Lactuca sativa and Lepidium sativum at 1 mM. The seeds, which did not germinate in LA solution, were washed with distilled water and incubated under the same conditions three more days. Almost all seeds germinated with this treatment as in the case of ABA. It means that the inhibition of germination by LA was caused not by the death of the seeds but by dormancy of the seeds. It is known that mobilization of endosperm starch in cereal is initiated by a gibberellininducible enzyme, a-amylase. Its biosynthesis is inhibited speciˆcally at the transcription level by ABA. This activity is thought to be an original activity of ABA. 28) In the a-amylase induction test, the amount of reducing sugars was measured to estimate a-amylase induction. ABA is a speciˆc inhibitor of this process and it completely inhibited GA3-induced aamylase formation at 11 mM as shown in Fig. 2 . LA was not as active as ABA, but it also inhibited GA3-induced a-amylase biosynthesis and the formation of reducing sugars was inhibited by 58.5z and 93.9z at 120 mM and 390 mM, respectively. This result indicates that LA inhibits the GA3-dependent a-amylase induction in the germinating barley seeds. Contrary to the above experiments, ABA was tested to have LA-like activity by using L. cruciata callus. Table 2 shows that ABA and LA were equally active and they inhibited the growth of the callus at 10 ppm. The callus treated with ABA or LA looked alive after 2 weeks since they kept a normal green color. If the bioactivities of LA described above are similar to those of ABA, it is natural to think that LA must have a similar structure to that of ABA to interact with ABA receptors. We did computational analysis with molecular mechanics calculation for ABA and LA. The calculation shows that the lowestenergy conformer of ABA is a pseudo-axial conformer the side chain of which exists in the pseudo-axial position. This result is in accordance with that of Xray crystallography.
29) The steric energy diŠerence between the most stable pseudo-axial and the most stable pseudo-equatorial isomers was only 0.3 kcal W mol. This value is a little smaller than that reported by Willows and Milborrow. 30) LA is a ‰exi-ble molecule and the calculation aŠorded two series of stable conformers for LA, the extended conformers and the folded conformers. The most stable pseudo-axial and pseudo-equatorial conformers of ABA were superimposed on the two local minimum LA conformers toˆnd similar conformations in functional group distribution. In the superimposition, C1 and C1 ?, C6 and C6 ?, and C9 and C9 ? carbons were superimposed respectively since the 2-cis-4-transpentadienoic moiety and the six-membered ring are thought to be essential for the ABA activity.
31) The pseudo-equatorial ABA didn't gave a good overlap to the most stable extended and folded LA conformers. The results of superimposition between the most stable pseudo-axial ABA and the two local minimum LA conformers are shown in Fig. 3 . It is apparent that the pseudo-axial conformer aŠorded a good overlap for the stable folded LA conformer. The folded LA conformer is less stable than the most stable extended LA conformer by 1.7 kcal W mol. Todoroki et al. reported that the half-chair ABA conformer with the pseudo-axial or bisectional side chain was the active mediator in plants. 32) These results may explain the phenomena that LA can have ABA-like activities as well as activities not as high as those of ABA in higher plants.
The immunoassay data also supported these results. Although Weiler has reported that some anti-ABA antisera didn't cross react with LA, [32] [33] [34] the antisera raised against C1-ABA-BSA cross-reacted with ABA-BSA and LA-BSA, respectively. In our experiment, two types of immunoassay were done. First, ABA-BSA and LA-BSA were bounded in a microwell respectively and the surface was treated with the antiserum (1:1500 diluted with TBS containing 1z BSA). The bounded antibody was detected using goat anti-mouse peroxidase conjugate. Figure 4 shows that the antibody raised against the C1-ABA-BSA conjugate recognized the LA epitope of the LA-BSA. The background was very low in this immunoassay.
To conˆrm the above cross-reaction, the antiserum raised against C1-ABA-BSA conjugate was bound in a microwell and horseradish peroxidase-bound ABA and LA was used to detect cross-reaction. Figure 5 indicates that the antiserum surely recognized not only ABA-HRP but also LA-HRP distinctly. The LA-HRP had about a half binding activity to the antisera ABA-HRP. These data are quite interesting and important because they indicated that the LA epitope was recognized as the ABA epitope in these immunoassay systems.
The data obtained in these experiments indicated that the similarity between ABA and LA is proved Plats show the peroxidase activity of the bound HRPconjugates and HRP to the mouse antiserum that isˆxed to microplate. Protein content indicates the concentration of mouse antiserum that isˆxed to microplate. not only from a chemical standpoint but also from a biological standpoint. These results will be basic data in designing plant growth regulators that have ABAor LA-like activity. By the way, ABA needs molecular oxygen for its biosynthesis, but LA does not. The historical change of atmospheric oxygen content suggests that ABA must be a newer molecule than LA. 36) Moreover LA is distributed in lower plants and ABA is universally distributed in higher plants. From these results, we propose a hypothesis that the higher plants altered their endogenous growth regulator from LA to ABA in their evolutionary process.
